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Multipurpose Acoustic Networks in the Integrated Arctic Ocean Observing System
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ABSTRACT. The dramatic reduction of sea ice in the Arctic Ocean will increase human activities in the coming years. This
activity will be driven by increased demand for energy and the marine resources of an Arctic Ocean accessible to ships. Oil
and gas exploration, fisheries, mineral extraction, marine transportation, research and development, tourism, and search and
rescue will increase the pressure on the vulnerable Arctic environment. Technologies that allow synoptic in situ observations
year-round are needed to monitor and forecast changes in the Arctic atmosphere-ice-ocean system at daily, seasonal, annual,
and decadal scales. These data can inform and enable both sustainable development and enforcement of international Arctic
agreements and treaties, while protecting this critical environment. In this paper, we discuss multipurpose acoustic networks,
including subsea cable components, in the Arctic. These networks provide communication, power, underwater and under-ice
navigation, passive monitoring of ambient sound (ice, seismic, biologic, and anthropogenic), and acoustic remote sensing
(tomography and thermometry), supporting and complementing data collection from platforms, moorings, and vehicles.
We support the development and implementation of regional to basin-wide acoustic networks as an integral component of a
multidisciplinary in situ Arctic Ocean observatory.
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RESUME. La diminution remarquable de la glace de mer dans 'océan Arctique aura pour effet d’intensifier I'activité humaine
dans cette région au cours des années a venir. Ces activités s’accompagneront d’une demande accrue en ressources marines et
en énergie du fait que 'océan Arctique sera accessible aux bateaux. L’exploration pétroliére et gazicre, la péche, ’extraction
miniére, le transport maritime, la recherche et le développement, le tourisme et les activités de recherche et sauvetage mettront
davantage de pression sur I’environnement vulnérable de I’Arctique. 11 y a lieu de se doter de technologies qui permettront
de faire des observations sur place a I’'année afin de surveiller et de prévoir les changements caractérisant le systéme
atmosphere-glace-océan de I’Arctique a I’échelle quotidienne, saisonniére, annuelle et décennale. Ces données seront utiles
tant pour le développement durable que pour 1’application des accords et traités internationaux relativement a 1’Arctique, et
elles permettront de protéger cet environnement critique. Dans cet article, nous discutons des réseaux acoustiques a vocations
multiples de ’Arctique, notamment ’aspect des cables sous-marins. Ces réseaux permettent les communications, le transport
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de I’énergie, la navigation sous-marine et sous les glaces, la surveillance passive du son ambiant (glace, bruits sismiques,
biologiques et anthropiques), la détection acoustique a distance (tomographie et thermométrie) de méme que le soutien et le
complément aux données recueillies a partir des plateformes, des amarres et des véhicules. Nous sommes pour 'aménagement
et 'utilisation de réseaux acoustiques régionaux a la grandeur du bassin comme composante intégrante d’un observatoire

multidisciplinaire sur place dans I'océan Arctique.

Mots clés
acoustique passive; acoustique active

Traduit pour la revue Arctic par Nicole Giguére.

INTRODUCTION

The development and implementation of the infrastructure
for multipurpose acoustic networks in the Arctic Ocean
would support in situ ocean observations with instru-
mented moorings, autonomous vehicles, and floats, as
well as with acoustics (Dushaw et al., 2010; Sagen et al.,
2010). The OceanObs‘09 Conference Summary (Fischer et
al., 2010) identifies active and passive ocean acoustics as
a proven technology for in situ ocean observing. Selected
moorings can be cabled to shore to provide both energy for
high-power sensors (such as vertical profilers and acous-
tic sources) and high-speed, real-time, year-round com-
munications to extract data from local sensors (broadband
seismometers and hydrophones, autonomous vehicles, and
floats), as well as from distant sensors that communicate
acoustically. A fully cabled network with several landfalls
can realistically provide the various component services
needed for long-term climate change monitoring over many
decades (the typical operational life of cabled systems).
Acquiring and installing a cabled system can be as costly as
acquiring a research ship; however, these costs are competi-
tive when amortized over the multi-decade lifetime of the
system. And cabled networks provide continuous, persis-
tent real-time observations year-round, which are not pos-
sible with ships alone. Technologies for such a system exist,
but international collaboration, coordination, and synchro-
nization of funding for long-term infrastructure in the Arc-
tic Ocean are required to implement a basin-wide network.

OceanObs’99 identified high-latitude regions and the
Arctic Ocean as key areas where ocean acoustic tomog-
raphy should be applied (Global Ocean Observing Sys-
tem Steering Committee, 2000; IOC, 2000; Dushaw et al.,
2001). Stand-alone acoustic tomography and thermometry
systems have been used successfully in ice-covered regions
at high latitudes. The 1988 -89 Greenland Sea Experiment
(Worcester et al., 1993; Morawitz et al., 1996a, b) and the
six-year Labrador Sea experiment (Avsic et al., 2005) suc-
cessfully observed deep-water formation processes. In
the High Arctic, the 1994 Transarctic Acoustic Propaga-
tion (TAP) experiment (Mikhalevsky et al., 1999) and the
Arctic Climate Observations Using Underwater Sound
(ACOUS) experiment in 1998—-99 (Mikhalevsky et al.,
2001) observed basin-scale warming of the Arctic Interme-
diate Water (AIW).

: systémes d’observation dans I’Arctique; acoustique de I’Arctique; tomographie acoustique; réseaux cablés;

Acoustic tomography and thermometry measure ocean
temperatures and currents throughout the water column,
including the abyssal zone, to determine the heat content
and mean circulation on regional and basin scales using
precise measurements of travel times between acoustic
sources and receivers (thermometry refers to average tem-
perature measurements in a two-dimensional vertical slice
along a single path, and tomography refers to using multi-
ple intersecting paths and tomographic inversion to provide
a three-dimensional spatial temperature map). Through
inversion techniques, internal ocean temperature can be
retrieved with an accuracy of 0.01°C over a 200 km distance
(Munk et al., 1995; Dushaw et al., 2010). Average current
velocities are determined from the differences between
reciprocal travel times produced by simultaneously trans-
mitting acoustic pulses in opposite directions along an
acoustic path. Because of the high accuracy and integral
nature of the data, acoustic travel times can be used to vali-
date and constrain numerical ocean circulation models by
data assimilation (e.g., Munk et al., 1995; ATOC Consor-
tium, 1998; Dushaw et al., 2009; Haugan et al., 2012). In the
Arctic Ocean, with its upward refracting sound speed pro-
file, the depth dependence of the acoustic modes increases
monotonically with mode number. Higher modes sample
greater depths. With the vertically stratified major water
masses of the Arctic basin, acoustic modes can selectively
sample specific water masses, such as the AIW (Mikha-
levsky et al., 1999; Mikhalevsky, 2001) and the deep Arctic
water.

The same tomography/thermometry network of acous-
tic sources and receivers can also provide long-term pas-
sive acoustic listening, underwater acoustic navigation
(performing a global positioning system [GPS] function
underwater), and low bandwidth communications provid-
ing the navigation and timing required for under-ice opera-
tion of autonomous gliders, floats, and unmanned undersea
vehicles (UUVs) in the Arctic (Fig. 1). Gliders, floats, and
UUVs obtain sea ice observations and oceanographic fields
with high resolution in space, complementing the horizon-
tally averaged, high temporal resolution acoustic measure-
ments. The spatially synoptic, high temporal resolution
observations provided by acoustic tomography offer the
possibility of adaptive sampling of events as they develop
by detecting events and then guiding mobile assets to the
regions of interest.
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FIG. 1. A) The notional basin-wide Arctic mooring network for acoustic
thermometry/tomography, oceanography, and underwater “GPS” system for
navigation of and low rate communications with floats, gliders, and UUVs.
ATAM is an Acoustic Thermometry and Multipurpose Mooring and applies
to all the moorings shown. B) The Fram Strait multipurpose acoustic system
deployed from 2010 to 2012 for tomography, positioning of gliders and floats,
and passive acoustics (http:/acobar.nersc.no). The system includes three
transceiver moorings (A, B, C) and a receiver mooring (D). The array of
oceanographic moorings across the strait at 78°50' N is shown by yellow dots.
C) The vertical section shows the position of these moorings overlain on the
temperature distribution in Fram Strait (red indicates warm Atlantic water
and blue depicts cold Arctic waters). (Courtesy of the ACOBAR project,
http://acobar.nersc.no.)
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The in situ observations of the interior of the Arctic
Ocean complement satellite remote sensing of sea ice and
sea surface properties. Acoustic networks can improve
observations of the water column beneath the ice directly,
using tomographic/thermometry measurements, while
simultaneously providing acoustic navigation and commu-
nications supporting autonomous vehicles. Such a system
can be used to investigate processes affecting stratification
and mixing of water masses and the impact of these pro-
cesses on ice melting, for example. Because these networks
sense ocean properties throughout the water column, both
under ice and in open water, their in situ observations fill an
important observational gap with data that are inaccessible
by satellites.

Regional acoustic tomography/thermometry networks
with acoustically supported autonomous vehicles can
improve the observations of water mass exchanges between
the Arctic and the world oceans through the major straits.
The Fram Strait multipurpose acoustic network (Sagen et
al., 2011; Sandven et al., 2013) (Fig. 1) described below is a
working model of the application of acoustics for tomogra-
phy, navigation, and communications.

APPLICATIONS OF ACOUSTIC NETWORKS
IN THE ARCTIC

Acoustic Thermometry and Tomography

In recent decades, the Arctic Ocean has experienced
dramatic changes, with record low sea ice extent in sum-
mer, including a new record minimum set in 2012 (NSIDC,
2012), and the significant reduction of multiyear ice
(Maslanik et al., 2011; NRC, 2012). Atmospheric warm-
ing is a dominant force in the melting of ice, but melting by
warming from underlying water masses is also possible. A
100-200 m thick surface layer of low-salinity, cold water
protects the ice cover from more extensive melting by the
warmer underlying water of Atlantic origin. It is well docu-
mented that the ice is becoming thinner and more seasonal
(Wadhams, 2012), which will lead to stronger exposure
of the surface layer to wind-induced mixing. In this case,
the sea ice melt will accelerate beyond what we have seen
so far. The accelerated melting observed recently might
indicate that this process is already in progress. Climate
models are not yet able to reproduce the observed accel-
eration in ice melting (Rampal et al., 2011) and could be
improved with the integral constraints provided by in situ
acoustic thermometry and tomographic data. To maintain
the halocline layer, the weakness of the turbulent mixing
of the water masses is crucial (Fer, 2009). Recent findings
show that dynamic processes, such as large inertial waves,
enhanced shear, and mixing, are closely related to the pres-
ence of sea ice (Rainville and Woodgate, 2009). A season-
ally ice-free Arctic Ocean can become more like a marginal
ice zone and lead to a redistribution of water masses, with a
weakened isolating halocline layer.
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FIG. 2. Left: Geometry of the tomographic transceiver array deployed in the Greenland Sea during 1988—89. A deep convective chimney was observed near
the center of the array during March 1989 (shaded region). Right: Time-depth evolution of potential temperature averaged over the chimney region. The contour
interval is 0.2°C. Typical rms uncertainty ("C) as a function of depth is shown to the far right. Total heat flux (from the British Meteorological Office) and daily
averaged ice cover (derived from satellite SSM/I measurements) are shown above. (Adapted from Morawitz et al., 1996a.)

In the Greenland Sea Experiment (Worcester et al., 1993;
Morawitz et al., 1996 a, b), the tomographic array observed
the evolution and breakup of a deep convective chimney
in March 1989 (Fig. 2). During the course of this one-year
experiment, the average annual deep-water production rate
was calculated from the tomographic temperature inver-
sions to be 0.1 Sv over the region spanned by the array.

In the High Arctic, the successful trans-Arctic acoustic
thermometry experiments demonstrated the unique capabil-
ity of underwater acoustics to measure large-scale changes
in temperature and heat content of the Arctic Ocean. In the
1994 TAP experiment, transmissions from a source located
north of the Svalbard Archipelago to receivers in the Lin-
coln Sea (1000 km distant) and the Beaufort Sea (2600 km
distant) revealed, for the first time, basin-scale warming of
the AIW (Mikhalevsky et al., 1999), which was then con-
firmed by submarine measurements (Mikhalevsky et al.,
2001). In the ACOUS experiment in 199899, transmis-
sions from a source deployed in Franz Victoria Strait to
receivers in the Lincoln Sea and the Chukchi Sea measured
continued basin-scale warming of the AIW and detected
a rapid warming in a broadly dispersed mass of Atlantic
water with a maximum temperature that exceeded 2.5°C
crossing the Nansen Basin north of the Franz Victoria Strait
in August—December 1999 (Mikhalevsky et al., 2001). This
intrusion of warm Atlantic water was most likely the result
of a wide frontal zone crossing the acoustic path, instead of

a gradual spread of the warmer Atlantic water core from the
continental slope to the central part of the basin (Gavrilov
and Mikhalevsky, 2002). This analysis exploited knowl-
edge of the climatology of the region and the spatially aver-
aged, acoustic mode resolving thermometry that provided
depth resolution. It would have been difficult to observe
the warming without many conventional point moorings
over the 400 km span of this water mass. Furthermore, had
oceanographic gliders been available as envisioned with
a multipurpose network, they could have been deployed
across this water mass for more detailed spatial sampling as
the event was occurring. This pulse of warm Atlantic water
was observed on moorings in the Fram Strait, as reported
by Beszczynska-Maller et al. (2012).

The ACOUS experiment also showed that the received
acoustic energy was correlated with path-average ice thick-
ness changes, which could provide means for continuous
remote observation of basin-scale changes in the average
Arctic sea ice thickness (Gavrilov and Mikhalevsky, 2006).

More recently, multipurpose acoustic networks have
been installed in Fram Strait in the EU funded DAMO-
CLES (Developing Arctic Modelling and Observing
Capabilities for Long-term Environmental Studies) and
ACOBAR (ACoustic technology for OBserving the interior
of the ARctic Ocean) projects for ocean acoustic tomogra-
phy, positioning of gliders and floats, underwater communi-
cation, and passive acoustic monitoring, as discussed below.



One of the key goals is to provide improved estimates of the
fluxes of mass, heat, and freshwater through the Strait by
assimilating the integral acoustic measurements, together
with data from satellites, moorings, gliders, and floats, in
high-resolution ocean models (e.g., Sandven et al., 2013).

Underwater Acoustic Navigation and Communication

Gliders and floats have become important platforms for
oceanographic data collection. The ARGO program main-
tains an operational array of more than 3000 profiling floats,
distributed over the ice-free oceans at nominal 300 km lat-
eral spacing. The current generation of autonomous glid-
ers operates routinely in lower-latitude oceans for periods
of up to a year to provide persistent sampling in difficult
conditions and remote areas, including strong boundary
currents and harsh wintertime subpolar seas. These auton-
omous platforms rely on satellite-based geolocation (GPS)
and telemetry (Iridium and ARGOS), but in the Arctic, ice
cover can block access to the sea surface and thus prevent
instruments from using these critical services (Lee and
Gobat, 2006). High-frequency (10 kHz) acoustic modems
can provide sufficient bandwidth for underwater transfer of
data and commands at modest ranges of several kilometres,
but subsurface telemetry at longer ranges at high frequen-
cies remains problematic, irrespective of ice cover. Recent
implementations of mid-frequency (200—1000 Hz) acoustic
positioning systems that rely on triangulation from an array
of sound sources (e.g., RAFOS floats, Rossby et al., 1986;
Ocean Instruments, 2015) provide regional-scale (hundreds
of kilometres) geolocation in ice-covered waters. Previous
studies (e.g., Gavrilov and Mikhalevsky, 2002, 2006) sug-
gest that low-frequency (10— 100 Hz) systems could provide
basin-scale geolocation, underwater “GPS,” in ice-covered
environments, but such systems have not yet been imple-
mented. New results of estimating the uncertainty in sub-
surface glider position using transmissions from fixed
200—-300 Hz acoustic tomography sources at ranges up to
700 km in the Philippine Sea are very promising (Van Uffe-
len et al., 2013).

Development of the first regional-scale (hundreds of kil-
ometres) system for operating gliders in ice-covered waters
began in 2005, as part of a project supported by the U.S.
National Science Foundation that focused on understand-
ing Arctic—Subarctic exchange through Davis Strait. Davis
Strait, one of the two primary pathways through which Arc-
tic waters exit into the subpolar North Atlantic, provided a
convenient site for development of ice-capable Seaglid-
ers at a location where the resulting measurements would
greatly augment the existing observing system. Initial test-
ing of 780 Hz RAFOS sources in Davis Strait, substanti-
ated by the performance of the operational array, indicates
effective navigation ranges of 100—150 km in ice-covered
waters. Surface ducting and reflection off the underside of
the ice significantly degrade the range from the 500+ km
expected in ice-free conditions. Comparisons between
GPS and acoustically derived positions collected during
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operations in ice-free conditions suggest 1 -2 km uncer-
tainty in the acoustically derived positions. The first suc-
cessful section across the ice-covered Davis Strait occurred
in 2006, while the first full mission took place in Septem-
ber—February 2008. Mission duration was 25 weeks, with
more than 800 km of under-ice transit over 51 days. The
glider was able to identify and surface through leads 10
times during under-ice operations (Beszczynska-Moller et
al., 2011). Subsequently, a pair of successful missions col-
lected continuous sections across Davis Strait from Octo-
ber 2010 through June 2011, including operations between
January and June, when the Strait was nearly entirely ice-
covered and the glider rarely gained access to the surface.
These missions provide the first year-round time series of
high-resolution sections across Davis Strait.

As part of the DAMOCLES/ACOBAR project, the glider
navigation system developed for Davis Strait was applied in
Fram Strait, with the expectation of future under-ice mis-
sions to augment the existing moored array. The glider nav-
igation system for Fram Strait employed navigation signals
broadcast from 260 Hz RAFOS sources and tomographic
sources (Sagen et al., 2011; Sandven et al., 2013). Naviga-
tion ranges up to 300 km were achieved in the partially ice-
covered area, covering the entire width of the deep Fram
Strait. However, the acoustically derived positions in Fram
Strait differed from GPS-based positions by about 4—8 km,
which is a significantly higher error level than was meas-
ured in the Davis Strait experiment. This result was mostly
due to the low number and suboptimal performance of
available RAFOS sound sources. As a result, only short
under-ice excursions of Seagliders were performed in Fram
Strait, while more attention was paid to testing and evalu-
ation of RAFOS transmissions between sources located in
the ice-covered area and gliders moving in open water and
the marginal ice zone.

In the Antarctic, ARGO floats are traceable at distances
of up to 600 km under the ice by use of RAFOS signals at
260 Hz (Klatt et al., 2007). In combination with ice-sensing
algorithms, the floats have spent up to seven years in sea-
sonally ice-covered regions.

The next steps include improvement of existing mid-
frequency systems, first by implementing broadband sig-
nals and receivers to improve geolocation accuracy, as pro-
posed by Duda et al. (2006) and partially demonstrated by
Freitag et al. (2012). The Marginal Ice Zone (MIZ) Program
supported by the U.S. Office of Naval Research included
the development of a new mid-frequency (890 Hz), broad-
band navigation aid that includes low-bandwidth telemetry,
thus allowing the sources to drift freely and report their
current positions (Fig. 3). This program was completed in
September 2014, and mid-frequency navigation and com-
munication were demonstrated to 400 km ranges by geo-
locating an array of gliders and floats in the MIZ (Webster
etal., 2015).

As part of DAMOCLES, ACOBAR, and the French
integrated Arctic Ocean Observing System project,
an advanced ice-tethered platform (AITP) is under
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with tracking (SWIFT) drifters sample within the MIZ and the open water to the south, where a bottom-anchored acoustic wave and current (AWAC) mooring

was deployed. (Courtesy of C. Lee.)

development for regional implementation in the central
Arctic Ocean (Gascard, 2011). The AITPs are currently
equipped with 1560 Hz and 780 Hz sound sources to pro-
vide acoustic navigation of and communication with glid-
ers and floats operating under ice. The AITPs are planned
to be deployed in clusters of three to five covering areas
of at least 100 km x 100 km and up to 200 km % 200 km,
depending on acoustic frequency. Recent studies indicate
that navigation signals from clusters of AITPs can also pos-
sibly be used for regional first-order acoustic tomography

(Skarsoulis and Piperakis, 2009). In the near future, the
acoustic sources will be mounted on the CTD profiler,
which measures temperature and salinity from surface
to 1000 m depth. In this way acoustic propagation condi-
tions and optimal receiving conditions can be obtained in
real time by parking the CTD profiler carrying the acoustic
source at an optimal depth for transmission of navigation
signals to gliders and floats. The profiler transmits data to
a surface buoy using an inductive modem, providing near-
real-time capability through satellite communication. The



integrated system of AITPs, gliders, and floats will sample
the upper and lower haloclines, in addition to the surface
freshwater layer, the intermediate Pacific layer (shallow),
and the Atlantic layer (deep). This scope is important for
understanding the interaction between the ocean and sea
ice and the heat flux from the ocean to the sea ice. Recently,
the AITP has been extended to include atmospheric
observations.

Ambient Noise and Bioacoustics in the Arctic

The anticipated increase of human activities in the Arc-
tic will lead to higher noise levels, e.g., from shipping,
seismic exploration, fishing vessels, oil and gas explora-
tion and development, and leisure and research activities
(Fig. 4) (Moore et al., 2012a). It is important to document
the existing ambient noise characteristics and to detect
changes in frequency, amplitude, and intensity in order to
investigate and understand any influence on marine mam-
mals in the Arctic (Huntington, 2009). Non-biologic noise
from ice-generated processes, such as ridging and crack-
ing, has traditionally been the dominant mechanism con-
tributing to the general character of Arctic ambient noise
from a few tenths of Hz up to 10000 Hz (e.g., Mikhalevsky,
2001) and has long been used as an indicator of ice condi-
tions and ice rheology. When the ice pack “locks up” and
isolates the water from the atmosphere, ambient noise lev-
els can be low compared to levels in the temperate seas. In
contrast, the levels are much higher when the wind stress is
high, causing ridging, breakup, and broken pack ice. Both
locally and basin-wide, the ambient noise is a key indicator
of wind stress and surface mixing. At the ice edge, ocean
waves and swell propagate from the open ocean into the
ice, causing individual floes to break up and, in combina-
tion with on-ice wind conditions, increasing the internal
stress in the ice field. Under these conditions, the marginal
ice zone is a noisy region (e.g., Johannessen et al., 2003;
Sagen et al., 2014). It is expected that the future character
of Arctic ambient noise, emerging in response to chang-
ing ice coverage and thickness, changing weather, and
increasing anthropogenic activities, will be quite different.
Seismic exploration off the coast of Norway (on the order
of 1400 km away) is observed in the marginal ice zone of
Fram Strait (e.g., Fig. 4) (Tollefsen and Sagen, 2014). Fur-
thermore, climate-driven changes such as the breakup of
ice shelves and icebergs can be remotely monitored by pas-
sive acoustic observation of ocean ambient noise (Gavrilov
and Li, 2007).

Historically, observations of marine mammals in the
Arctic were mainly from ships and aircraft, so data are
sparse in time and space. Marine mammals use sound for
sensing their environment (passive listening) and for social
communication (Clark et al., 2009). In addition, odontocetes
(toothed whales and dolphins) use echolocation for foraging
and navigation. Mounting autonomous acoustic recorders
on fixed moorings, floats, gliders, and AUVs provides the
means for systematic sampling of the seasonal occurrence
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FIG. 4. Spectrograms showing bowhead calls, a ship transiting, and airgun
pulses from seismic surveys. (Figure from Moore et al., 2012a, © American
Institute of Biological Sciences; reproduced with permission.) All three types
of signals are ubiquitous in Fram Strait, where bowheads were discovered to
sing complex songs in winter (Stafford et al., 2012).

of vocal cetaceans (Mellinger et al, 2007), opening a win-
dow onto the large-scale seasonal movements and habitat
selection of Arctic marine mammals (Moore and Hunting-
ton, 2008).

Passive acoustic monitoring has been used since the
early 1980s to study the migration of bowhead whales
(Balaena mysticetus) in the western Arctic (e.g., Black-
well et al., 2007). Since 2008, over 100 recorders have been
deployed annually offshore Alaska. Most are in the ser-
vice of industry to measure sound fields and detect marine
mammal calls near offshore oil and gas exploration (e.g.,
Blackwell et al., 2007; Mouy et al., 2012), while others were
deployed for the purpose of integrated ocean observation
(e.g., Stafford et al., 2013). To date, analyses of data from
these deployments have been done on a project-by-project
basis, but data from 20 recorders in the Beaufort and Chuk-
chi Seas have now been combined to generate a synthesis
of the acoustic soundscape under the auspices of the Syn-
thesis of Arctic Research program (http:/www.arctic.noaa.
gov/soar/). Ideally, this synthesis will be a step in the direc-
tion of planning a more efficient and integrated network of
recorders for the purpose of measuring ambient and bio-
acoustic sound in the Arctic. Including recorders on ocean-
ographic moorings (e.g., Moore et al., 2012b) and on gliders
(e.g., Baumgartner and Fratantoni, 2008) will provide addi-
tional synergies with a multipurpose acoustic network.

In 2008, passive recorders were deployed in Fram Strait
on oceanographic moorings along the 78°50" N latitude
line at 4° W and 1° E, as part of an IPY project to develop
underwater sound budgets for Arctic waters (Moore et al.,
2012b). This data set is the first long-term recording of
ambient sound in Fram Strait. In addition to calls from blue
and fin whales (Moore et al., 2012b), complex songs from
bowhead whales were recorded throughout the winter (Staf-
ford et al., 2012), suggesting that Fram Strait is a wintering
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ground—and potentially a mating area—for this critically
endangered population of bowhead whales. Plans for con-
tinuation of this work have been proposed via the Norwe-
gian Polar Institute. In addition, recorders were deployed
during 2009 in Fram Strait and the Greenland Sea, where
blue and fin whale calls provided a strong seasonal signal at
both sites. Sperm whale signals were also detected in Fram
Strait (Klinck et al., 2012). Of note, airgun sounds from
seismic surveys associated with oil and gas exploration
were ubiquitous in Fram Strait, as reported in both studies
(Klinck et al., 2012; Moore et al., 2012b) (Fig. 4).

Recent research has focused on methods for automated
detection and classification of marine mammal calls (e.g.,
Baumgartner and Mussoline, 2011) and for estimating
the population density of cetaceans from passive acoustic
recordings (Marques et al., 2009; Kiisel et al., 2011; Kyhn et
al., 2012; Ward et al., 2012). These methods rely on count-
ing the number of calls detected, estimating the probability
of detecting a call as a function of distance, distinguishing
calls from different individuals, and measuring the average
call rate. The result is an estimate of the number of animals
(or groups) per unit area for the region monitored by the
passive acoustic sensors. Acoustic models used for ranging
and tracking of marine mammals require accurate knowl-
edge of the sound speed profile, and monitoring systems
of marine mammals will therefore benefit from integration
with the acoustic tomography systems.

Monitoring Seismicity in the Arctic

Acoustic networks can be deployed together with broad-
band seismometers. These seismometers are useful for
studying the solid earth on local (up to tens of kilometres),
regional (tens to hundreds of kilometres), and global scales.
The seismometers may be deployed on the ice or, prefer-
ably, on the seafloor. The deployment of seismometers in
the Arctic, whether for temporary experiments that may
last up to several months or for longer-term experiments,
would provide invaluable data to the scientific solid earth
community (Atakan et al., 2015). Bathymetric maps of the
Arctic show several enigmatic geological features. The
Gakkel Ridge, for example, is one of the earth’s two ultra-
slow spreading ridges, and the creation of new crust at the
ridge, through volcanism and tectonic faulting, is poorly
understood. While the evolution of the Eurasian Basin is
generally known, the evolution of the Amerasian Basin is
controversial (Shephard et al., 2013). Other features of the
Arctic, such as the Lomonosov Ridge and Chukchi Shelf,
are even less well understood. A better understanding of the
geodynamic history of these and other Arctic areas not only
is important from an earth science perspective, but could
also help in the resolution of territorial disputes and the
assessment of mineral resources. Figure 5 shows epicen-
tres of earthquakes of magnitude 4 and higher during the
period 1900—-2013. Most of the seismicity is concentrated
along the Knipovich and Gakkel Ridges. For these local and
regional studies, it is essential that both active and passive

FIG. 5. Epicenters of earthquakes with magnitude 4 and higher in the Arctic
and Subarctic regions, 1900—2013. Most of the seismicity is concentrated
along the Knipovich and Gakkel Ridges. (Courtesy of M. Raeesi, University
of Bergen.)

(i.e., earthquake) source seismic experiments be conducted
in the Arctic. The broadband seismometers will also pro-
vide valuable data for the study of global earthquakes and
global earth structure. Most seismometers used in global
seismology are based on land. Earthquake recordings from
the Arctic will therefore provide improved constraints on
the estimation of the mechanisms of large earthquakes.
These constraints are important for tectonic and seismic
hazard studies. Moreover, these data will help improve
global tomographic models of the mantle. These models are
used to study and constrain tectonic processes on a global
scale.

Fram Strait Multipurpose Acoustic Network

The Fram Strait is a key location to study the impact of
the Arctic Ocean on global climate. The Strait, with a sill
depth of 2600 m and a width of nearly 400 km, is the only
deep connection where exchanges of intermediate and deep
waters take place between the North Atlantic and the Arc-
tic Ocean. On the eastern side of the Strait, the northbound
West Spitsbergen Current transports Atlantic water into the
Arctic Ocean, whereas on the western side, the southbound
East Greenland Current transports sea ice and polar water
from the Arctic Ocean to the Nordic Seas and the Atlan-
tic Ocean. Between these two main current systems, Atlan-
tic water recirculates westward and subsequently returns
southward along several pathways without entering the
Arctic Ocean. Atlantic water recirculation is characterized
by strong mesoscale variability and frequent occurrences
of baroclinic eddies with diameters on the order of 10 km



and timescales from a few days to a few weeks. Typically
mesoscale eddies extend down to the lower boundary of the
Atlantic water layer (600—800 m).

Since 1997 an array of 16—18 oceanographic moor-
ings has been maintained by the Alfred Wegener Institute
and the Norwegian Polar Institute in the northern part of
Fram Strait at 78°50" N, covering the strait between the East
Greenland shelf and the shelf slope west of Svalbard (Fig. 1;
Beszczynska-Moller et al., 2011, 2012). In spite of the num-
ber of moorings and instruments (and that there is only a
single line of moorings across the strait), the flow is under-
sampled, given the short spatial scales in Fram Strait. The
array is not sufficient to estimate the effects of the intense
mesoscale variability, the effects of the strongly variable
recirculation of Atlantic Water, and the strong contribu-
tion from the surface layer. The contribution of measure-
ment noise is significant in the current flux estimates, up to
50% to 100% (Fahrbach et al., 2001). As a result, the mass
and heat budget of the Arctic Ocean cannot be balanced,
because the uncertainties in the Fram and Davis Strait
fluxes are larger than the total fluxes through the other gate-
ways (Beszczynska-Moller et al., 2011).

DAMOCLES was an integrated EU/FP6 project
(2005—10) aimed at observing, understanding, and quanti-
fying climate changes in the Arctic. The Arctic is a harsh
environment, and the ice cover prohibits the use of many
conventional instruments, data transfer methods, and cali-
bration schemes. Acoustic thermometry was selected by
DAMOCLES as a promising technology to provide integral
properties of the inflowing and outflowing water masses
in Fram Strait, while gliders were chosen to provide high-
resolution measurements of the complex oceanographic
fields. A prototype ocean acoustic tomography system was
deployed by the Nansen Environmental and Remote Sens-
ing Center (NERSC) from 2008 to 2009 to measure the
average temperature (heat content) in the eastern half of the
Strait (West Spitsbergen Current), taking advantage of the
integrating property of the acoustic measurements (Sagen
et al., 2008, 2011). Figure 6 shows the location and the
range- and depth-averaged temperature with an accuracy
of 50 m'C as obtained by inversion of the acoustic travel
times. The inversion scheme is based on vertical empiri-
cal orthogonal functions derived from the high-resolution
ice ocean model developed within DAMOCLES. Due to
the properties of the ocean environment in Fram Strait,
the well-known inversion approaches applied at lower lati-
tudes cannot be used. The weak vertical sound speed gradi-
ent in the West Spitsbergen Current and the strong oceanic
variability (e.g., eddies, fronts) cause the multipath acous-
tic arrivals to overlap in time and result in peaks roughly
100 ms in width. This makes resolution and identification
of individual ray arrivals impossible. Therefore, a new
strategy for comparing observed and predicted acoustic
arrival patterns has been developed allowing for inver-
sions (H. Sagan, unpubl. data). The inversion results in Fig-
ure 6b are in good agreement with the results obtained by
another inversion technique developed by Skarsoulis et al.
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FIG. 6. A) The tomographic systems deployed in Fram Strait overlaid on sea-
surface temperature and approximate ice coverage determined by the high-
resolution Fram Strait model (HYCOM) at Nansen Center. DAMOCLES
consisted of a single line (red), while ACOBAR consisted of a triangular
array (magenta). Ice coverage was defined by a surface temperature lower
than —1.7°C. B) A year-long time series of average temperature determined by
DAMOCLES tomography with an accuracy of about 50 m’C. Temperature is
averaged over depths of 0 to 1000 m and the 130 km range of the DAMOCLES
track. The tomographic measurements resolved the scintillations in heat
content arising from the advection of mesoscale features across the acoustic
path by the West Spitsbergen Current. (Courtesy of the ACOBAR project, H.
Sagen, and B. Dushaw.)

(2010). The agreement in the inversion results using differ-
ent approaches demonstrates the robustness of the acoustic
measurements. Acoustically derived depth-averaged tem-
peratures have also been used for validation of ice-ocean
models (Sandven et al., 2013).

Subsequently, ACOBAR (2008—12), a collaborative
EU/FP7 project coordinated by NERSC, capitalized on
the experience, knowledge, and monitoring technologies
developed within DAMOCLES. Three moored acoustic
transceivers were deployed from 2010 to 2012 in a trian-
gle with a moored receiver in the center (Figs. 1, 6). This
geometry gave a total of six acoustic paths that covered
the Fram Strait Marginal Ice Zone, compared to the single
acoustic path during DAMOCLES. The acoustic transceiv-
ers also transmitted RAFOS signals to provide an under-
water acoustic navigation system for gliders and floats. A
Seaglider operated by the Alfred Wegener Institute used the
acoustic signals to test navigational solutions in the open
water and for a short mission under the ice. This experi-
ment was the first implementation of a multipurpose acous-
tic network for tomography, passive acoustic monitoring,
and navigation of gliders. The primary goal is to estimate
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the heat, mass, and freshwater transport through Fram
Strait more accurately by using a four-dimensional data and
model system that combines acoustic travel time measure-
ments and ocean data from gliders and moorings with high-
resolution ice-ocean modeling through data assimilation.
Another goal is to observe and explain changes in ambient
noise with respect to changes in environmental conditions
and increased human activities (Sagen et al., 2011; Haugan
et al., 2012; Sandven et al., 2013).

As part of the Arctic Ocean UNDER melting ICE
(UNDER-ICE) project (2013—17) funded by the Research
Council of Norway, the Fram Strait multipurpose acoustic
network will be continued and extended northward to cover
the central part of the Strait between 78" N and 80" N. The
acoustic network will be upgraded with new receiver tech-
nology that allows for beamforming (Worcester et al., 2009,
2013) and augmented with oceanographic sensors. In addi-
tion, the development of drifting multipurpose systems
has been proposed for the High Arctic and marginal ice
zones based on the receiver technology used in UNDER-
ICE (Worcester et al., 2009), lighter mid-frequency, broad-
band acoustic sources (e.g., Morozov et al., 2012), a short
baseline acoustic positioning system for the hydrophones,
and near-real-time transfer of pre-processed acoustic data.
The drifting tomography system will be integrated with the
UNDER-ICE moored system. The UNDER-ICE observ-
ing system is a component of the Svalbard Integrated Arc-
tic Earth Observing System (SIOS) (e.g., Ellis-Evans et al.,
2013).

TOWARDS A BASIN-WIDE ARCTIC
ACOUSTIC NETWORK

Impact of a Changing Arctic on Acoustic Networks

The Arctic Ocean continues its unprecedented transi-
tion towards an ice-free state. The smallest sea ice extent
ever recorded in the Arctic Ocean was observed in 2012,
eclipsing the previous record set in 2007. The five smallest
extents in the satellite record have occurred in the last seven
years (http:/nsidc.org/). These large changes in the extent
and composition of the Arctic sea ice, particularly the loss
of the thick multiyear ice, are expected to affect acoustic
propagation. Submarine measurements from 1957 to 2000
and satellite measurements from 2003 to 2008 show a 65%
reduction in multiyear ice extent and a 48% reduction in
average sea ice thickness (3.64 m to 1.89 m) over the last 40
years, and more than half the total loss of multiyear ice has
occurred in the last 10 years (Kwok and Rothrock, 2009;
Maslanik et al., 2011; NRC, 2012). In 2013 and 2014, sea ice
extent increased by 50% relative to the 2012 minimum, and
multiyear thick ice increased by 5%—10%. Nonetheless, ice
extent and the amount of multiyear ice are still well below
the 1981-2010 average. The Arctic is clearly in a highly
variable state, which only reinforces the need for persistent
and long-term observations.

The ice cover traditionally has insulated the Arctic
Ocean from solar and atmospheric warming and cooling,
creating and maintaining a stable upward refracting sound
speed profile. Propagation loss in the Arctic half-channel
bounded on the top by rough multiyear sea ice is domi-
nated by the scattering and coupling of acoustic energy as
it interacts with the ice cover. The loss is highly frequency-
dependent, increasing exponentially with frequency and
creating a low-pass filter (Mikhalevsky, 2001). The rough-
ness of the ice is directly proportional to the thickness; thus,
the thinner ice in the current Arctic is expected to reduce
the propagation loss at higher frequencies, permitting use
of higher-frequency sources that would be smaller and less
costly than the 20 Hz sources used in the TAP and ACOUS
experiments (Mikhalevsky, 2011). In addition to transmis-
sion loss, the nature, extent, and rate of change of ambient
noise, spatial and temporal signal coherence, and coupling
of acoustic modes and Arctic water masses are not known.
Modeling has been performed, and estimates of these
changes on acoustic propagation have been made; how-
ever, in situ multi-frequency measurements as a function of
range are needed.

In order to understand these changes, an acoustic propa-
gation experiment, the THin-ice Arctic Acoustic Window
(THAAW) experiment, was carried out on the pack ice in
the Arctic Ocean from April 2013 through April 2014 by
Science Applications International Corporation (now Lei-
dos, Inc.). Acoustic transmissions from 40 to 200 Hz were
made between an acoustic source and a 600 m 32-element
vertical line receive array, both deployed in the High Arc-
tic from ice floes drifting with the pack ice. Because of
unfavorable ice conditions and weather, only a small por-
tion of the data was recovered and analyzed, but these data
were insufficient to quantify the acoustic propagation loss.
Scripps Institution of Oceanography augmented the Leidos
effort with a bottom-moored distributed vertical line array
(DVLA) receiver (Worcester et al., 2009, 2013) deployed
through the ice close to the Pole in April 2013. The DVLA
consisted of a 600 m array with 22 hydrophone modules.
Unfortunately, the mooring failed shortly after deployment
and surfaced prematurely. After surfacing, the mooring
drifted slowly with the ice southward toward Fram Strait,
recording ambient noise, temperature, and salinity data as
it drifted. The mooring was recovered in September 2013.
The ambient noise data from the drifting array are being
analyzed, and plans are in place for summer 2015 that
include making the propagation loss measurements that
were the goal of the THAAW experiment. These data are
essential to understand acoustic propagation in the Arc-
tic today and to inform the design of the lower-frequency
acoustic networks needed for regional and basin-scale
coverage.

Environmental Regulatory Issues

Almost every human activity that occurs in the ocean
produces underwater sound, either purposefully or as a



by-product. The infrastructure necessary for a basin-wide
acoustic network includes acoustic sources that would en-
able acoustic thermometry, tomography, communication,
and navigation, in addition to passive receivers, floats, and
autonomous vehicles. Animals that are exposed to under-
water sound may experience acute short-term effects,
such as temporary threshold shift or behavioral reaction,
or chronic long-term effects, such as masking of biologi-
cally important vocalizations (Clark et al., 2009; Ellison
et al., 2012). U.S. researchers that produce underwater
sound are required to evaluate the potential environmental
effects in order to comply with the National Environmen-
tal Policy Act, the Marine Mammal Protection Act, and the
Endangered Species Act, to name the most common laws
that must be considered (http:/www.nmfs.noaa.gov/pr/
acoustics/guidelines.htm). Projects funded by the European
Union (EU) must evaluate the impulsive and ambient noise
indicators that define Good Environmental Status under
the EU Marine Strategy Framework Directive (EU Marine
Strategy Framework Directive, 2008; Van der Graaf et al.,
2012).

Several acoustic tomography projects have undergone
extensive environmental review in the United States, most
notably the Acoustic Thermometry of Ocean Climate
(ATOC) project and the North Pacific Acoustic Laboratory
(NPAL) project that followed it. The sources used during
ATOC and NPAL were designed to be received throughout
the North Pacific, with coded transmissions to enable their
detection at received levels below that of the ambient noise.
Prior to the deployment and operation of these sources,
U.S. environmental impact statements were developed and
associated permits for incidental harassment were obtained
from National Oceanic and Atmospheric Administration
(NOAA) Fisheries. Because of the limited data on animal
sensitivities to underwater sound at the time, initial oper-
ations of the ATOC sources were accompanied by exten-
sive environmental studies to investigate the potential for
effects on marine mammals, sea turtles, and fishes. There
were no obvious effects due to the sound sources, but some
subtle effects were detected. For example, the distance and
time between successive humpback whale surfacings north
of Kauai increased slightly with increasing sound levels
(Frankel and Clark, 1998). However, the observed effects
were all within the natural range of variability. The authors
concluded that the minor effects that they observed were
not biologically significant.

Prior to the deployment of active acoustic sources for
the ACOBAR experiment, an acoustic and environmental
analysis (Environmental Assessment Report, EAR) was
conducted under the auspices of the EU Marine Strategy
Framework Directive to determine the potential for impact
on the marine environment associated with the experi-
ment’s activities and use of underwater active acoustic
sources (http://acobar.nersc.no). Because of the low source
level of the acoustic sources, their placement in relationship
to Marine Protected Areas (MPAs), and the long intervals
between transmissions, no effects were expected on any
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MPA or any marine species listed as endangered or threat-
ened under the U.S. Endangered Species Act or as threat-
ened (vulnerable, endangered, threatened, or critically
endangered) by the International Union for Conservation
of Nature. In addition, no reasonably foreseeable behavio-
ral responses of marine mammals (under the U.S. Marine
Mammal Protection Act) were expected as a result of this
experiment. The conclusion resulting from the scientific
analysis of the ACOBAR experimental activities was that
no ethical issues were reasonably foreseeable, as the experi-
ment has no potential for causing grave danger to marine
mammals potentially occurring in the Fram Strait region.
A secondary, final EAR will compare measured acoustic
propagation conditions during the ACOBAR experiment
with previous predictions. It will also update the marine
mammal distribution and abundance information with any
new data and summarize future ocean observing plans and
their potential impact on the Arctic marine environment.

An Arctic Ocean Observatory

The possibility of cabling a number of acoustic sources
and sensors was discussed in the Abstract and Introduction.
While cabling sources and sensors can provide power and
communications to a few sites, the operation of an observa-
tory on climate scales of 25—30 years would be best sup-
ported through a network of seafloor cables, which would
minimize the life-cycle costs by providing power, commu-
nications, and command-and-control through the backbone
network (Schofield et al., 2010; ITU/WMO/UNESCO 10C
Joint Task Force, 2012).

We propose that a seafloor cabled network such as that
shown in Figure 7 be built in the Arctic in order to provide
near-real-time (latencies of seconds) access to data, instru-
ments, and platforms in the critical Arctic environment as
it undergoes unprecedented change associated with climate
and a warming earth. While cables are expensive to install,
the life cycle costs over a climate cycle (e.g., 30 years) are
substantially less than those of alternative solutions, includ-
ing autonomous seafloor moorings, ice camps, and ship-
borne expeditions. Cables would be important not only to
support scientific research, but also to provide high band-
width connectivity to Arctic communities to significantly
enhance connectivity, safety, and security. Because of the
cost of deploying cable, installation of scientific and com-
munications cables in the Arctic should be coordinated.

We expect to use an advanced data, instrument, and
platform cyberinfrastructure developed for the National
Science Foundation (NSF) Ocean Observatories Initiative
(OOI), which can be readily implemented in a broad Arc-
tic Ocean Network (AON). The OOI cyberinfrastructure
exploits modern networking, computing, and cloud technol-
ogies in an Ocean Observatories Integrated Network (OOI-
Net). The system delivers open data to users in near real
time. It is simple to develop virtual observatories by sub-
scribing to data from individual platforms and instruments;
the system can be expanded to serve thousands of users and
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FIG. 7. A notional cabled network in the Arctic Ocean with a variety of
instruments at each node, including systems moored above the seafloor,
but below the ice. In this case, the bottom-moored system represents an
acoustic thermometry transducer surrounded by three short-range seafloor
transponders for locating the position of the transducer accurately. The
other instruments in the vicinity represent additional sensors and docks
for autonomous vehicles. The cable comes ashore at two points in order to
provide redundancy if the primary cable is cut or a failure occurs at one of
the repeaters located every 75 km along the route. Each repeater provides
a breakout opportunity for a mini-observatory with a wide variety of
measurements. (Courtesy of J. Orcutt.)

virtual observatories. In addition, because the connections
to the platforms and sensors are duplex, the user or opera-
tor can use the network to provide command and control
capabilities.

The OOI cyberinfrastructure uses an open-source mes-
sage passing protocol (AMQP; https://www.amqp.org)
for message passing to and from individual sensors and
platforms (e.g., gliders and AUVs). This implementation,
which substitutes point-to-point messaging for Internet
protocols, provides a means for the high levels of cyber-
security needed to ensure that the system, platforms, and
instruments cannot be hacked by exploiting the well-known
structure of the Internet. Another important feature of the
cyberinfrastructure is that it deploys instrument agents for
each platform and sensor so that every element of the obser-
vatory has a common interface, allowing powerful integra-
tion of a large, heterogeneous, deployed network.

The proposed architecture includes the possibility for
others to offer data and products to the system. That is, the
proposed AON observatory can seamlessly integrate other
existing or planned Arctic observatories. Sharing sensor
and data networks, including data persistence far into the
future (i.e., archiving data as well as sensor descriptions
and operations) offers economies of scale in addition to the
chosen cabled network’s low life cycle costs.

CONCLUSIONS, STATUS AND ROADMAP

The development of a multidisciplinary, integrated,
synoptic Arctic Ocean observing system, capable of per-
forming sustained regional- to basin-scale observations of
the ocean interior under ice, is needed to support research
that will better our understanding of the dramatic changes
occurring now and improve our ability to respond to this
change as the Arctic Ocean evolves to a seasonally ice-free
state (e.g., Haugan et al., 2012). Integrating multipurpose
acoustic networks into the observing system will pro-
vide basin-wide and regional tomography and thermome-
try observations; navigation for gliders, floats, and UUVs
under ice; and passive acoustic listening. The in situ obser-
vations, together with acoustic and satellite remote sensing,
will provide comprehensive oceanographic data for cli-
mate and environmental monitoring and integrated ocean-
ice-atmosphere modeling employing data assimilation for
improved predictions of the changing Arctic. Passive acous-
tic observations, which over time provide long-term data
on ice dynamics, Arctic basin seismicity, human activities,
and marine mammals, are a key capability of the acoustic
systems.

Acoustic receiving systems for application in multipur-
pose acoustic networks are now straightforward. Compact,
solid-state memories that provide gigabytes of storage are
readily available. Low power Chip-Scale Atomic Clocks
(CSACs) provide the accurate timekeeping needed for
acoustic tomography and navigation, even for fully autono-
mous subsurface instruments. Acoustic sources, however,
are still an issue for basin-scale, low-frequency systems. As
noted above, as a result of the changing characteristics of
the Arctic ice cover, sources likely no longer have to trans-
mit at 20 Hz or below to achieve long ranges, as was the
case only a few decades ago. Nonetheless, it is likely that
frequencies of 100—200 Hz (or perhaps even lower) will
still be required. Sources are available at these frequencies,
but the development of improved low-frequency, broad-
band sources would be highly desirable (e.g., Morozov et
al., 2011, 2012; Mosca et al., 2013). One advantage of appli-
cations of acoustic remote sensing in the Arctic is that the
acoustic source can operate at shallow depths and still illu-
minate the entire water column, because the sound channel
axis is at the surface.

There are no regulatory impediments to the use of acous-
tic sources that are being envisioned for the Arctic acoustic
networks, and a permitting process is in place for the sup-
port of future activities.

Servicing of the acoustic transceivers needed for multi-
purpose acoustic systems is logistically challenging in the
Arctic. A basin-scale system for tomography, navigation,
passive listening, and communication under ice would con-
sist of a relatively small number of low-frequency trans-
ceivers (< 10), making it potentially feasible to cable the
moorings to shore (Lee and Gobat, 2006; ANCHOR Work-
ing Group, 2008). This approach would remove batteries as
a limiting factor, allowing the moorings to be designed to



remain in place for 5—7 years (or perhaps even longer) and
greatly reducing the frequency with which they would need
to be serviced by icebreakers or other ships.

Cabling of the instruments would also provide year-
round, real-time, high-bandwidth communications with
shore and supply power for video systems, profiling instru-
ments, wide band hydrophones and seismometers, and the
charging of unmanned vehicles (Fig. 7). Cable and cable
installation are costly. It would make sense to build the
cabled system over several years, beginning with selected
key nodes proximal to shore and expanding to connect
autonomous moorings deeper in the Arctic basin or planned
regional networks, such as a Beaufort Sea observing sys-
tem, the Fram Strait Ocean Observatory, or the existing
deep seafloor observatory HAUSGARTEN (AWI, 2014).

We recommend that:

1) A multiyear development and implementation plan
for multipurpose acoustic network infrastructure that
includes international participation be completed.
Like the NSF Ocean Observatories Initiative (NSF
OOI, 2013; http://oceanobservatories.org/) Regional
Scale Nodes (RSN), and Ocean Networks Canada
(http://www.oceannetworks.ca/), this network could
start with one or two cabled nodes. For example, the
first nodes could be in the Beaufort Sea off the North
Slope of Alaska or coordinated with the Svalbard
Integrated Earth Observing System in Fram Strait.

2) The technology and lessons learned from the subsea
infrastructure being deployed for the OOl RSN and
the subsea infrastructure used by oil companies in the
sub-Arctic regions be transferred into the Arctic.

3) Partnerships be developed with other observing pro-
grams that will benefit from cabled infrastructure in
the Arctic, for example, the European Plate Observing
System (EPOS), Svalbard Integrated Earth Observ-
ing System, and the Fram Strait observing system.
Through such partnerships, a broad set of important
scientific problems and multidisciplinary research in
the Arctic can be studied and the collaboration will
reduce overall logistical costs for the scientific com-
munities involved.

4) Partnerships be established with commercial compa-
nies operating in the Arctic regions and with com-
munities in the region. Communication cables in the
Arctic Ocean would enable efficient communication
between different Arctic regions and thereby improve
safety and security.

5) Improved low- to mid-frequency sources (50—500
Hz) be developed to better support basin and regional-
scale tomographic, communications, and navigation
networks. Multipurpose networks of regional sources
and receivers on moored and ice-tethered platforms
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should be deployed and maintained annually. These
deployments should be coordinated with icebreaker
expeditions and other logistical capacities that are
expected to be available every year in the High Arctic.

6) Acoustic data be integrated with oceanographic and
sea ice data, combining spatially integrated meas-
urements from acoustics with point measurements
and vertical profiles of physical variables. These data
can then be used in modeling and data assimilation
systems.
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